ABSTRACT Small hive beetle, Aethina tumida Murray (Coleoptera: Nitidulidae), is considered a serious threat to beekeeping in the Western Hemisphere, Australia, and Europe mainly due to larval feeding on honey, pollen, and brood of the European honeybee, Apis mellifera L. Control methods are limited for this pest. Studies were conducted to provide information on the radiobiology of small hive beetle and determine the potential for sterile insect releases as a control strategy. Adult males and females were equally sensitive to a radiation dose of 80 Gy and died within 5-7 d after treatment. In reciprocal crossing studies, irradiation of females only lowered reproduction to a greater extent than irradiation of males only. For matings between unirradiated males and irradiated females, mean reproduction was reduced by >99% at 45 and 60 Gy compared with controls, and no larvae were produced at 75 Gy. Irradiation of prereproductive adults of both sexes at 45 Gy under low oxygen (1-4%) caused a high level of sterility (>99%) while maintaining moderate survivorship for several weeks, and should suffice for sterile insect releases. Sterile insect technique holds potential for suppressing small hive beetle populations in newly invaded areas and limiting its spread.
Small hive beetle, Aethina tumida Murray (Coleoptera: Nitidulidae), is native to Sub-Saharan Africa, where it is a minor pest and scavenger of honey bee colonies (Elzen et al. 1999, Neumann and Elzen 2004) . It was first discovered in the southeastern United States (Florida) in 1998 , in Australia in 2002 , and in Hawaii in 2010  in the past few years, it has been detected in Egypt, Portugal, Italy, and Canada, with new detections occurring on a regular basis as this pest continues to spread. Although small hive beetle is capable of flying several miles on its own, movement to new areas is primarily through human transport as an accidental hitchhiker and during migratory beekeeping and pollination service activities. Within the native range of small hive beetle, healthy honey bee colonies do not sustain significant damage. This is not entirely understood but may be due to African bee behaviors like absconding, aggression, and removal of small hive beetle eggs and larvae (Neumann and Elzen 2004) . Natural enemies including nematodes and entomopathogenic fungi may also exert significant biological control of small hive beetle in Africa. In newly invaded areas, small hive beetle is considered a serious threat to colonies of the European honeybee, Apis mellifera L., which seem to lack the behavioral resistance mechanisms of African honey bees (Neumann and Elzen 2004) .
Small hive beetle can feed on diverse substrates. Honey bee colonies are the preferred feeding site for small hive beetle (Elzen et al. 1999 ), but it is known that in the absence of bee hives, small hive beetle can complete its life cycle feeding on a variety of decaying fruits (Eischen et al. 1999 , Ellis et al. 2002 . Eggs are normally laid in cracks and crevices in the honey bee hive, close to the food source, and hatch in 2-3 d under warm temperatures. The larvae destroy hive materials by consuming honey and pollen, and bee larvae and pupae. Yeast is introduced during beetle feeding (Benda et al. 2008) , causing honey to ferment, and resulting in characteristic "sliming" of the combs. This larval stage causes the most damage to honey bee colonies. Larval development is completed in about 16 d, when mature larvae enter a wandering stage, leave the hive, and burrow into the soil close to the hive to pupate (Hood 2004) . The larva builds an earthen cell before pupating and the adult emerges after 3-4 wk. Newly emerged teneral adults may remain in the soil for up to a week before burrowing to the surface and searching for a honey bee colony to invade. Teneral adults naturally congregate in honey bee colonies, then become sexually mature in about a week and begin mating. Small hive beetle adults find protected sites in the hive to hide from bee aggression. Adults can live for 6 mo or more, and are capable of prolific multiplication-it is estimated that 6,000 small hive beetle can be reared from a single frame of brood. In laboratory rearing, 80 small hive beetle adults can produce 36,000 adults in two months time (Mü rrle and Neumann 2004) . In the field, bee colonies heavily infested by small hive beetle can be taken over, causing honey bees to abscond. Studies have shown that small hive beetle outbreaks in stored honey in honey houses can put nearby hives at risk of higher small hive beetle pressure (Spiewok et al. 2007 ).
There are limited options to control small hive beetle. Trapping in the hive and soil drenches outside the hive are the main control methods (Elzen et al. 1999 , Ellis et al. 2003 , Bernier et al. 2015 . Adult traps in the hive are designed to fit between frames or as a modified hive bottom board; the small trap entrance excludes bees but allows passage of adult small hive beetle which are seeking refuge from harassing bees. A chemical toxin or oil reservoir kills adults that enter the trap. Soil drenches outside the hive kill wandering larvae, pupae, or emerging small hive beetle adults. To date, there are no baits to control adult beetles inside or outside the hive. The sterile insect technique (SIT) would be a good preventative alternative, with the potential to suppress infestations.
SIT involves rearing large numbers of the target pest, treating them with radiation at a dose that provides sterility, and releasing them in large numbers into the natural population (Klassen 1989 , Hendrichs 2000 . Sterile males mate with wild females, thus interfering with reproduction which leads to population decline. The characteristics of successful SIT programs are that the insects can be reared and sterilized in large numbers; sterile insects can be distributed so that they mix thoroughly with the wild population, sterile insects compete successfully for mates; the release ratio is sufficiently large to overcome the natural rate of population increase; and the target population is closed-there is no immigration of fertile individuals from outside the release area. In the case of new pest invasions, releases may be made in a localized and focused area.
Studies were conducted to provide basic information on the radiobiology of small hive beetle and determine the potential for sterile insect releases as a control strategy. The objectives were to examine male and female sensitivity to irradiation, and to identify a sterilizing dose and treatment conditions for sterile insect releases.
Materials and Methods
Longevity Experiment. Previous unpublished studies suggested that irradiated small hive beetle adults were short-lived (Pettis and Bucholz, personal communication). An experiment was conducted to compare survivorship after irradiation between the sexes. Small hive beetle larvae were collected from a research apiary in Hilo, HI, and reared on comb containing pollen and brood in the laboratory (Neumann et al. 2001 ). Approximately 25 wandering stage larvae were transferred to 950-ml plastic containers (Hi-Plas, Pasadena, CA) with ventilated lids containing 400-ml moistened potting soil (Sunshine Mix #1, Sun Gro Horticultural, Agawam, MA) as a pupation medium. Ten containers were set up concurrently to provide sufficient numbers of insects for the experiment. The plastic containers with small hive beetle pupae were held in a ventilated wooden box covered with shade cloth (that created a low-light environment) at 23-29 C. Three weeks later, adults began emerging from the soil. After all beetles had emerged, their gender was determined by gently squeezing the abdomen until the aedeagus or ovipositor was extruded. Sex ratios were variable but always favored females (1.25-2:1). Previous unpublished research suggested that a radiation dose of 75 Gy could sterilize adults (Pettis and Bucholz, personal communication), and this information was used initially to select treatment doses.
Approximately 15 males and 15 females were placed in each of four (n ¼ 4) empty 950-ml plastic containers and treated with a radiation dose of 80 Gy. Irradiation treatment was conducted at a commercial X-ray irradiation facility (CW Hawaii Pride, Keaau, HI) using an electron linear accelerator (5 MeV, model TB-5/15, Titan Corp., San Diego, CA). Plastic containers with small hive beetle were placed in a single row on carriers and treated with x-ray radiation from both sides to minimize dose variation. Certified dosimeters (Optichromic detectors, FWT-70-40M, Far West Technology, Goleta, CA) were placed in each container to measure dose variation. Dosimeters were read with an FWT-200 reader (Far West Technology) at 600-nm absorbance. Research samples had a dose uniformity ratio of <1.1. After treatment, males and females were transferred separately to new plastic containers and provided with a 20-g piece of previously frozen brood comb. An equal number of untreated beetles were held similarly as controls. Mortality was scored daily until all irradiated beetles were dead. Percentage mortality data were arc sine transformed and subjected to analysis of variance (ANOVA).
Reciprocal Crosses Experiment. A reciprocal mating experiment was conducted to determine whether irradiation of males or females has a greater effect on reproduction. Small hive beetle larvae were collected from a research apiary in Hilo, HI, and reared on comb containing pollen and brood in the laboratory. For each replicate, $30 wandering stage larvae were transferred to 950-ml plastic containers with ventilated lids containing 400-ml moistened potting soil as a pupation medium. Prereproductive adults (2 1 =2 to 3 wk after wandering larval stage) still in the soil in plastic containers were irradiated at 45, 60, or 75 Gy or left untreated. Irradiated and unirradiated adults were held for emergence then sexed. Irradiated and unirradiated males (designated IM or UM, respectively) and females (designated IF or UF) were mated in a reciprocal mating design-IM Â UF, IF Â UM, and UF Â UM-and placed in plastic rearing containers with 20 g of previously frozen brood comb. For each mating type at each dose, a replicate consisted of 10 males and 10 females held together. Adults were allowed to mate and lay eggs for approximately one month. Containers were checked every 2-3 d to count and remove dead adults, and new comb was added as needed for developing larvae. The experiment was conducted as a completely randomized design with three replicates for each combination of dose and mating type. Data on larval counts were log transformed (log þ1) and analyzed by 2-way ANOVA with dose (ordinal factor) and mating type (categorical factor) as treatment effects (SAS Institute 2004) .
Low Oxygen Experiment. A low oxygen environment is known to protect insects from radiation injury (Follett et al. 2013 ). In the longevity experiments, irradiation effectively sterilized small hive beetle adults but their life span was greatly reduced. An experiment was performed to determine if low oxygen could extend the longevity of irradiated small hive beetle. Twenty-five (25) wandering-stage small hive beetle larvae were transferred to plastic rearing containers as previously described, and held for pupation and development to the teneral adult stage. At this stage, beetles have not yet emerged from the soil and are therefore unmated. Experimental treatments were 1) 45 Gy irradiation, 2) 45 Gy irradiation under low oxygen, 3) 65 Gy irradiation, 4) 65 Gy irradiation under low oxygen, 5) unirradiated control, and 6) unirradiated control under low oxygen. Containers were randomized before assignment to treatments, and each treatment was replicated 12 times. Treatments included both sexes. To create a low oxygen atmosphere, N 2 was applied to containers for 3 min using a stream of gas at 125 kpa (kilopascals) funneled through plastic tubing and a 5 ml pipette tip through a hole in a solid plastic container lid. A second hole was made to allow N 2 to flow out during treatment. After 3 min, the gas inlet and outlet in the lid were sealed with electrical tape, lids were wrapped in parafilm, and containers were taken to the x-ray irradiation facility and irradiated as described above $1-2 h later. Eight dosimeters were placed in and around containers in each radiation treatment to measure actual doses at each treatment level. Average measured radiation doses for the 45 Gy and 65 Gy treatments (with or without low oxygen) were 45.7 Gy (extremes 43.3-49.1 Gy) and 63.2 Gy (57.7-66.5 Gy), respectively. Immediately after radiation treatment, containers holding small hive beetle in soil were returned to the laboratory and held at 24 6 1 C while measurements of O 2 and CO 2 concentrations in the containers were taken using a headspace gas analyzer (Illinois Instruments model 6600, Johnsburg, IL). Plastic containers were not airtight, and oxygen concentrations ranged from 1.1 to 4.5%. It was assumed that gas concentrations equilibrated inside the containers, and that all small hive beetle were exposed to O 2 concentrations 4.5% for at least 1 h before irradiation treatment. This level of low oxygen for this exposure period (1-2 h) has been shown to have a radio-protective effect and increase survivorship after irradiation in other insects (Lopez-Martinez and Hahn 2012, Follett et al. 2013) . For each replicate, 15 emerging adults were transferred to plastic containers with previously frozen comb and allowed to mate and lay eggs. The sex ratio was $2:1 females to males. Adults were moved to new comb every 3-4 d and larval progeny were counted. Adult survival data were analyzed using Kaplan-Meier survival analysis with the number of weeks when each death occurred as the time to event, treatments as a grouping factor, and censoring to account for survivors at the end of the experiment (SAS Institute 2004). Paired comparisons were made to determine significantly different treatment effects.
Results
Longevity Experiment. All adults were alive and active at 4 d after treatment with a radiation dose of 80 Gy, but at 7 d after treatment 100% of beetles were dead (Fig. 1) . Adult males and females were equally short-lived (t-ratio ¼ 0.019; P ¼ 0.98). All untreated control beetles were alive at 7 d.
Reciprocal Crosses Experiment. In the reciprocal crosses experiment, the total number of larvae produced at the end of the experiment (17 d posttreatment) was significant for the effect of radiation dose, mating type, and the interaction of dose x mating type, so means separations were done on the interaction effects ( Table 1 ). The number of larvae decreased with increasing radiation dose (F ¼ 8.8; P < 0.01), and irradiation of females lowered reproduction to a greater extent than irradiation of males (t-ratio ¼ À 4.1; P ¼ 0.001). For matings between unirradiated males and irradiated females (UM Â IF), mean reproduction was reduced by >99% in the 45 and 60 Gy treatments compared with controls (UM Â UF), and no larvae were produced in the 75 Gy treatment. For matings between irradiated males and unirradiated females (IM Â UF), mean reproduction was reduced by 85, 93, and 99% in the 45, 60, and 75 Gy treatments, respectively, compared with controls (UM Â UF; Table 1 ).
Low Oxygen Experiment. Survival functions were significantly different across treatments by both logrank and Wilcoxon tests (P > 0.001). The survivorship curves declined steeply in the 65 Gy, 65 Gy plus low oxygen, and 45 Gy treatments, but declined more slowly in the 45 Gy plus low oxygen treatment (Fig. 2) . The 45 Gy plus low oxygen survival curve was significantly different from the two control treatments and the 45 Gy, 65 Gy, and 65 Gy plus low oxygen treatments (log-rank test, P > 0.01). At 2 weeks post treatment, mean survivorship was < 3% in the 65 Gy, 65 Gy plus low oxygen, and 45 Gy treatments, and 45.6% in the 45 Gy plus low oxygen treatment. At 3 and 4 wk, survivorship was 36.6 and 26.1% in the 45 Gy plus low oxygen treatment, and a few adults were still alive when the experiment was terminated at 42 d (Fig. 2) . Control survivorship averaged 82-95% at the end of the experiment. Over the course of the experiment, the control treatments (with and without low oxygen) produced $ 5,600 larvae, whereas adults in the 45 Gy plus low oxygen treatment produced only 5 larvae, and the 45 Gy, 65 Gy, and 65 Gy plus low oxygen treatments produced no larvae.
Discussion
Biological characteristics of small hive beetle that favor using SIT are sexual male/female mating, available methods for mass rearing, a quiescent pupal stage that facilitates sterilization and handling, and localized aggregation in bee colonies. Basic information on small hive beetle radiobiology was needed to evaluate the potential for SIT. Results suggest that irradiation at 45 Gy under low oxygen will provide a high level of sterility (>99%) and moderate survivorship for several weeks, and should suffice for sterile insect releases. Treatment at 65 Gy with or without low oxygen will provide complete sterility but with reduced longevity (low survivorship at 7-10 d posttreatment). Sterilization of young prereproductive adult beetles before emergence from the soil and treatment of both sexes is recommended for ease of handling compared with treatment of emerged adult beetles.
Many biological and ecological factors affect the successful application of SIT, including the pest's population size, voltinism, dispersal potential and dispersion, host specificity, longevity, and mating competitiveness (Hendrichs 2000) . Release of short-lived sterile insects in SIT programs is not unusual. In Medfly (Ceratitis capitata (Wiedemann)), sterilized adult males used for sterile insect releases may live for less than a week compared with a normal 3-4-week life span in wild adult flies (Hafez and Shoukry 1972, Barry et al. 2007 ). Our results show that irradiating beetles under low oxygen conditions can improve longevity. Rearing and release of male insects only is more efficient, but many SIT programs release both sexes because male only strains or sorting systems are unavailable (Hendrichs 2000) .
Several pieces of information are missing and critical to the predicted success of a small hive beetle SIT program. The mating system of small hive beetle is poorly understood. In the laboratory, adults can copulate multiple times, but it is not known if females store sperm or whether similar mating behavior occurs in nature, or if mating occurs inside or outside the hive, or both. Mating outside the hive away from bee aggression and corralling behaviors may increase the number of sterile by wild matings. If mating occurs primarily inside the hive and wild beetles in the hive are already marginalized and confined to protected areas, mating between wild beetles and sterile immigrant beetles may be limited. How honey bees in the hive respond to an influx of beetles during large-scale releases will affect the success rate of sterile beetles finding wild mates. The competitiveness of sterile beetles with wild beetles in an apiary setting is important to success and also unknown at this time. Future studies will initially focus on mating competitiveness.
A key to the success of SIT programs is the ability to begin when a new invasive population is low, or to reduce the population to low levels before initiating sterile releases. Small hive beetle populations may be limited to manageable levels by employing multiple control tactics (Annand 2008) . Chemical controls include soil drenches around the hive to kill pupating beetles, and toxic plastic strips placed in the hive Table 1 . Reproductive performance of small hive beetle when irradiated and unirradiated adults were mated in reciprocal crosses Means 6 SE within a column followed by different letters are significantly different using a Tukey's test (P < 0.05). (Hood 2004 , Cuthbertson et al. 2013 . Cultural and mechanical controls focus on maintaining strong colonies with a high bee to comb ratio; minimizing cracks and crevices in the hive where eggs are laid by using good quality equipment and removing burr comb; keeping the bottom board free of debris; decontaminating equipment before re-use; maintaining good hygiene around the apiary; and using traps inside hives (Hood, 2004) Biological controls such as application of entomopathogenic nematodes (Ellis et al. 2010) or fungus (Leemon 2012) around the hive against small hive beetle pupae, and breeding for improved bee hygienic behavior (bees that remove beetle eggs and larvae) may be helpful. SIT should integrate well with these other management practices, and SIT will have a better chance of succeeding if pest populations are first suppressed using whatever tools are available. Settings where incipient small hive beetle populations are detected may also present a window of opportunity to "swamp" small hive beetle populations with sterile insect releases.
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